Summary The age-related loss of skeletal muscle and function are risk factors for osteoporosis and fractures. We found that higher adherence to the Mediterranean diet score was significantly associated with greater fat-free mass and leg explosive power suggesting a role for the Mediterranean Diet in prevention of loss of muscle outcomes. Introduction The loss of skeletal muscle mass, strength, and function with age are contributing risk factors for the onset of sarcopenia, frailty, osteoporosis, fractures, and mortality. Nutrition may affect the progression and trajectory of these changes in skeletal muscle but the role of the micronutrientrich Mediterranean diet (MD) has hardly been investigated in relation to these muscle outcomes. Methods We examined associations between the MD score (MDS) and FFM% (fat-free mass / weight × 100), FFMI (fatfree mass/height 2 ), hand grip strength, and leg explosive power (LEP, watts/kg) in a cross-sectional study in 2570 women aged 18-79 years from the TwinsUK study. Measurements of body composition were made using dual-energy X-ray absorptiometry and dietary intake assessed by a food frequency questionnaire. FFM%, FFMI, grip strength, and LEP were compared across quartiles of the MDS after adjustment for covariates, with CRP measured in a subgroup (n = 1658). Results Higher adherence to the MDS was positively associated with measurements of muscle outcomes, with significant differences of 1.7 % for FFM% and 9.6 % for LEP (P trend <0.001), comparing extreme quartiles of intake, but not with grip strength or CRP concentrations. Conclusions For the first time in a northern European population, we have observed significant positive associations between the MDS and FFM% and LEP in healthy women that are potentially clinically relevant, independent of the factors known to influence muscle outcomes. Our findings emphasize the potential role for overall diet quality based on the MD in the prevention of age-related loss of skeletal muscle outcomes.
Introduction
Sarcopenia (the presence of low skeletal muscle mass and low muscle function) is an increasingly prevalent condition in our ageing populations [1, 2] . Sarcopenia is associated with a number of adverse health outcomes, including physical disability, frailty, and incidence of osteoporosis, falls, and fractures, thus increasing health care costs, and so, it is crucial to identify preventative strategies. Such strategies may be identified in the study of the continuum of the loss of skeletal muscle mass, strength, or function (muscle outcomes) with age using epidemiological techniques [1, 3] . Recent evidence has highlighted that the age-related loss of skeletal muscle mass, strength, or function individually, or in combination, are also associated with an increased risk of osteoporosis and fractures. This may be due to either the potential hormonal or endocrine interactions between skeletal muscle and bone, muscle force-generated mechanical signals, compensation during loss of balance or by acting as a protective barrier to reduce the impact of falls [3, 4] . The mechanisms contributing to the loss of skeletal muscle mass and function with age include chronic low-grade inflammation and oxidative stress, which trigger catabolism and an increase in protein turnover in skeletal muscle [3, 5] .
The total quality of the diet measured as food patterns has recently been recognized as important as foods may have Bsynergistic and cumulative effects on health and disease^beyond the effect of single nutrients [6] . The Mediterranean diet (MD) is characterized by high intakes of fruits and vegetables, legumes, nuts, cereals, and olive oil with low intakes of saturated fat, moderately high intakes of fish, low to moderate intakes of dairy products, low intake of meat, and regular but moderate intake of alcohol [7] .
Evidence has been accumulating for the protective effect of the MD for mortality and chronic diseases in particular, cardiovascular disease, hypertension, and cancer [6, [8] [9] [10] . Moreover, the recent US dietary guidelines encourage an eating pattern aligned to the MD [6] . In addition to the whole diet, key food components within the MDS have been found to predict chronic disease outcomes, and higher adherence to the MD has been associated with lower circulating inflammatory markers (or cytokines), including C-reactive protein (CRP) [10, 11] . Higher adherence to the MD may also be important for the conservation of skeletal muscle outcomes via the rich concentration of micronutrients associated with higher adherence to the score which may act through their potential anti-inflammatory and anti-oxidant properties (for example vitamins C and E, magnesium and carotenoids) or through a direct role in muscle metabolism and physiology, such as with magnesium and potassium [3, [12] [13] [14] .
To date, only two cross-sectional and two prospective cohort studies have examined the Mediterranean diet pattern and direct measures of grip or knee strength with only one of these in a population with more than 1000 participants [7, [15] [16] [17] [18] . No studies have comprehensively investigated the MD with directly measured skeletal muscle mass, grip strength, muscle function, and low-grade inflammation concurrently in the same population [7, [15] [16] [17] [18] . Therefore, the purpose of the present investigation was to evaluate associations between the MD and directly measured muscle outcomes in a cross-sectional study in free-living adult women in a northern European country. We further aimed to investigate the association between the inflammatory marker CRP and the MD, and to determine whether the individual food components of the MDS related independently to muscle outcomes.
Methods
The women included in this study were from the TwinsUK registry which is an ongoing study of healthy adult twins recruited from the general population who are representative of adult singleton populations in the UK [19, 20] . Data were used from two subsets of this cohort, approach 1 included 2570 women who had completed a food frequency questionnaire (FFQ) and attended for dual-energy X-ray absorptiometry (DXA) measurements between 1996 and 2000 (referred to as the Bapproach 1^in this manuscript). Within approach 1, there were 1914 individuals with measures of leg explosive power and 1658 individuals who also had measures of high-sensitivity C-reactive protein (hs-CRP). The second group (Bapproach 2^) consisted of women who had completed an FFQ and had DXA and grip strength measurements measured between 2005 and 2008, see Fig. 1 . Ethical approval was obtained from the St. Thomas's Hospital Research Ethics Committee, and informed consent was acquired from all participants.
Dietary intake
Participants completed a 131-item validated food frequency questionnaire (FFQ) [21] . Daily nutrient values were calculated using the UK National Nutrient Database [21, 22] . Adherence to MD was evaluated using the MD score (MDS) reported by Trichopoulou et al. [23] . Scoring was based on the intake of the following nine items: vegetables, legumes, fruit and nuts, dairy products, cereals, meat and meat products, fish, a l co ho l, an d t he ra tio of mo no un sa tur ate d an d polyunsaturated/saturated fat (unsaturated/saturated fat). For food items considered healthy, consumption above the study median received 1 point; all other intakes received 0 point. For dairy products, meat and meat products, consumption below the median received 1 point. For alcohol, women who consumed 5-25 g/day received 1 point; otherwise, the score was 0. The possible scores ranged between 0 and 9, the latter reflecting the maximal adherence. Individuals were excluded from the dietary analyses if answers to >10 food items were left blank or the ratio of estimated total energy intake to the estimated basal metabolic rate fell 2 SDs outside the mean ratio. The dietary intake data was estimated for the appropriate time period for the both approaches. Energy reporting quality (mis-reporting) was calculated using the ratio of reported energy intake (EI) to estimated energy expenditure (EER), the EI/EER ratio, expressed as the percentage of EI to EER, and was included as a covariate for adjustment in the statistical analyses [24] .
Muscle mass, strength, and power [25] . Both indices were included in this paper as they scale the proportion of fat-free mass in relation to variation in body size in different ways. Isometric grip strength was assessed using a Jamar hand grip dynamometer (Sammons, Preston, UK) on the dominant arm with reproducibility assessed by repeated measurement on 24 individuals (CV of 11.4 %) [26] . Arm muscle quality was calculated as the ratio of grip strength to mean arm lean mass. Leg explosive power (LEP) was used to measure physical fitness using the Nottingham power rig which measures the force and velocity of muscle contraction principally from the quadriceps [27] . Measurements were normalized for body weight ((LEP (w) / weight (kg)) × mean weight (kg)). LEP has been validated and is highly reliable (reliability coefficient 0.97, coefficient of variation 9.4 %, over 1-week period in adults) [27] .
C-reactive protein
Circulating high-sensitivity C-reactive protein (hs-CRP) was measured by a highly sensitive automated microparticle capture enzyme immunoassay, standardized on the World Health Organization International Reference Standard for CRP immunoassay as previously described [28] .
Covariates
Weight and height were measured with height measured to the nearest 0.5 cm and weight to the nearest 0.1 kg. BMI was calculated as weight in kilograms (kg) divided by height in meters squared (m 2 ). Information on lifestyle, medication use, menopausal status, and demographic variables were obtained using a standardized nurse-administered questionnaire. Physical activity was Fig. 1 Flowchart of study participants from the TwinUK study. 1 An eligible FFQ was classified if <10 food items were left blank and the ratio of estimated total energy intake to basal metabolic rate was inside 2 SD of the mean. FFQ Food Frequency Questionnaire, hs-CRP high-sensitivity C-reactive protein, LEP leg explosive power classified as heavy, moderate, or inactive during work, home, and leisure time using a questionnaire that has been strongly correlated with a more in depth assessment of physical activity in this cohort [29] .
Statistical analyses
Quartiles of the MDS score were calculated and multivariate regression analysis used to calculate statistical trends and the unadjusted and adjusted values for FFM%, FFMI, grip strength, arm muscle quality, LEP, and hs-CRP. In order to check the consistency in data between both approaches, we ran the models for fat-free mass in both the first and second approach. Analyses were conducted for all participants and then stratified by age (<50 and ≥50 years). All models were adjusted for age (years), physical activity (active, moderately active, inactive), smoking status (never, former, current), energy intake (kcal/day), potential mis-reporting of energy intake (EI/EER), and protein intake (g/day) using regression analysis. Protein was included in the models since this has an established role in muscle metabolism, and total energy was included to account for overall differences in energy intake between people of different sizes, an established epidemiological technique [3, 30] . FFMI was additionally adjusted for fat mass (kg), and arm muscle quality and LEP were also adjusted for menopausal status (premenopausal/ postmenopausal), use of HRT (yes/no), and height (m). Hs-CRP was also adjusted for BMI, use of anti-inflammatory medications (yes/no) and HRT (yes/no). Values for hs-CRP were skewed, and therefore, natural log-transformed values were used for the analyses. Values in the text are means ± SE and for hs-CRP geometric mean (95 % CI). The percentage difference between Q1 and Q4 was calculated for FFM% and LEP as (Q4-Q1 / Q1) × 100. For the analysis shown in Fig. 2 , the percentage difference in FFM%, FFMI, and LEP between extreme quartiles of the MDS was calculated as (Q4-Q1 / Q1) × 100. A P value <0.05 was considered statistically significant. We tested whether age moderated the association between MDS and muscle outcomes by including an interaction term (age × MDS) in the models. The correlations between the individual components of the MDS were calculated.
In a further analysis to explore these associations independently of genetics, we identified twin pairs discordant for MDS, defined as a within-pair difference in MDS of at least 4 points. We tested the intra-pair differences in muscle outcomes and MDS adjusted for smoking, physical activity, and BMI in regression models.
All analyses were performed with Stata statistical software version 11.0 (Stata Corp, College Station, TX) using the participants as individuals and included the robust cluster regression option in STATA to account for clustering within twin pairs.
Results
The characteristics of the participants in the two subsets are presented in Table 1 . The women in the approach 2 were older than those in approach 1, which was expected given the timing of the measurements. The women in approach 2 also had a higher BMI, reported less physical activity, and were less likely to smoke. There were no apparent differences in dietary intake between the approaches.
In multivariable analyses, women in the highest quartile of the MDS had significantly higher fat-free mass and LEP, compared to those in the lowest quartile (Table 2) . Specifically, Fig. 2 Percentage difference in fat-free mass and leg explosive power between extreme quartiles of the Mediterranean diet score and the individual components. Values are the differences in adjusted means for fat-free mass and leg explosive power in approach 1 between participants in Q4 vs. Q1, expressed as a percentage, n = 2570 (fatfree mass) and n = 1914 (leg explosive power). Means were adjusted for age, physical activity, smoking status, energy intake and misreporting and protein; leg explosive power was additionally adjusted for menopausal status, use of HRT, and height. *P trend < 0.05. MDS Mediterranean diet score FFM% was 1.0 % higher (±0.3, P trend <0.001) (equivalent to 1.7 % higher) and LEP was 8.3 w/kg higher (±2.2, P trend <0.001) (equivalent to 9.6 % higher) when comparing extreme quartiles of MDS. We also found these associations in approach 2 finding a difference of 1.4 ± 0.5 % for FFM% (P = 0.009) and 0.1 ± 0.1 kg/m 2 for FFMI (P = 0.72), data not shown. We observed no significant interactions in approach 1 for FFM%, FFMI, or LEP (all P < 0.05) with stratification for age, but as it is important to understand the relationship between diet and skeletal muscle outcomes in younger as well as older ages, the stratified analyses were retained. When stratified by age, differences in FFM% and LEP were greater for women aged over 50 years, compared to those aged under 50 years (Table 3 ). For LEP comparing quartile 4 vs. quartile 1 of the MDS, there was a 13 % difference for women aged over 50 years (9.5 w/kg ± 3.0, P trend = 0.01) compared to an 8 % difference in the younger age group (7.4 w/kg ± 3.2, P trend = 0.01), a 5 % difference between the two age groups. There were no significant differences in FFMI, grip strength, arm muscle quality, or levels of hs-CRP when all women were considered together, although FFMI was significantly higher in the highest compared with the lowest MDS in the group aged less than 50 y (0.2 kg/m 2 ± 0.1, P trend = 0.028) ( Table 3 ). In the further analysis to explore the associations independent of genetics in twins, 27 twin pairs were identified as discordant for MDS in approach 1 (data for LEP was available for 17 of these pairs). Mean MDS was 2.3 ± 1.3 in the lower Values are mean (SD) or % (n=), n = 2570. Fat ratio-unsaturated/saturated fat (total polyunsaturated + total monounsaturated fat/saturated fat). EI/EER ratio of reported energy intake to estimated energy requirements. Arm muscle quality-ratio of grip strength to arm muscle mass (kg/kg) a Values for a subset of 1914 participants in the fat-free mass group b Values for a subset of 1658 participants in the fat-free mass group intake twins and 6.8 ± 1.0 in the higher intake twins. The adjusted regression coefficients of the intra-pair difference in muscle outcomes and MDS were as follows: FFM% 1.4 ± 1.1, P = 0.20; FFMI −0.3 ± 0.3, P = 0.33; and LEP 4.4 ± 11.6, P = 0.71. To elucidate the specific constituents of the Mediterranean diet that might be responsible for these associations, intakes of the individual food components of the MDS were examined in relation to FFM%, FFMI, and LEP (Fig. 2) . In the correlation analysis between the Mediterranean diet and food groups the correlations were weak with the highest correlation being 0.4 between the ratio of unsaturated to saturated fat and vegetable intake and with the correlation between vegetable and fruit intake being of a similar scale. Of the nine food categories used to determine the MDS, cereals, and fruits and vegetables showed positive, significant adjusted trends with FFM%, FFMI, and LEP. In addition, intakes of alcohol were positively associated with FFM% and LEP, meat was negatively related, and the ratio of fats was significantly, and positively, related to LEP only. For arm muscle quality and hs-CRP, fruit intake was significantly associated with both outcomes (arm muscle quality Q4-Q1 3.7 %, P trend = 0.043; hs-CRP Q4-Q1 12.6 %, P trend 0.038, data not shown) and alcohol intake with arm muscle quality only (Q4-Q1 3.0 %, P trend = 0.012). No significant associations were observed between intakes of legumes, fish, or dairy products for any of the outcome measures. However, the overall association with the MDS was stronger than for any of the individual components, Fig. 2 .
Discussion
In this large-scale cross-sectional study of 18-79-year-old women, we found significant positive associations between diet quality measured by the Mediterranean diet and indices of fat-free mass and LEP. The differences found between higher and lower adherence to the MDS were 1.7 % for FFM% and 9.6 % for LEP. These associations remained after adjustment for age, physical activity, smoking status, energy and protein intake and mis-reporting and for LEP, use of HRT Values are mean ± SE, n = 2570. Model 1 was unadjusted. Model 2 was adjusted for age, physical activity, smoking status, energy intake, and misreporting, and fat-free mass index was additionally adjusted for fat mass. and body weight, indicating that the findings were independent of these covariates. Within our discordance analysis, to ascertain potential gene influences, we found no associations between those with differences in the MDS and skeletal muscle outcomes which may indicate that genetics could underly the relationships found here. Nevertheless, the number of twin pairs with discordance for intake was small and our analyses may have been underpowered to detect an effect. However, our findings may have clinical relevance. When comparing the scale of our findings with the known loss of LEP with age (of 3.5 % per year in a study of older women), the relationship with the MDS of 9.6 % was 3.5 times that of the loss per year [31] . For FFM%, using a conservative estimate from a longitudinal study of loss of 0.7 % FFM per year, our finding of 1.7 % between extreme quartiles of the MDS is 2.4 times that of the measured loss of FFM per year [3, 32, 33] . To our knowledge, this is the first representative population study to investigate associations between the MDS in a northern European population and risk factors for sarcopenia and frailty, as previous studies have all focused on older adults, although it is known that age-related declines in muscle mass occur as a continuum in younger as well as older adults [7, 15-17, 34, 35] . Furthermore, when stratified by age the associations with the MD in population for LEP were greater for women aged over 50 years, compared to those aged under 50 years, with the between quartile differences being 5 % greater in older than in younger women. Differences in FFM% were also greater but for FFMI the difference across quantiles was significant only in women aged less than 50 years. Interestingly, we observed no associations between the MDS and arm muscle quality or C-reactive protein in our study. The lack of association between the MDS and grip strength in our study is similar to four previous studies that directly measured muscle strength and the MD, all in older populations, finding no association or a significant positive association only in unadjusted analyses [7, [15] [16] [17] [18] . The only other study that related skeletal muscle mass (as appendicular skeletal muscle mass/height 2 ) to the MDS (defined a posteriori) found no association between skeletal muscle mass or of sarcopenia in Iranian men and women [34] . Also, a recent study in older Chinese men and women found no association between prevalent or incident sarcopenia and the MDS during 4 years of follow-up [36] . Although our findings are in line with previous studies, our lack of association between the MDS and grip strength may be because age is such a strong determinant in cross-sectional studies, and the mean hand grip strength in our study was higher than that found in a previous study of older women in the UK [37] . However, our analyses to determine consistency between the approaches in this study for skeletal muscle outcomes demonstrated the same associations between indices of FFM and the MDS in women over time. Values are mean ± SE, n = 1295 < 50 years and n = 1306 ≥ 50 years. Values were adjusted for age, physical activity, smoking status, energy intake, misreporting, protein intake, and fat-free mass index was additionally adjusted for fat mass. P trend values were calculated using ANCOVA a Analysis for the approach 2 group. Values are mean ± SE, n = 132 < 50 years and n = 817 ≥ 50 years. Values were adjusted for age, physical activity, smoking status, energy intake, mis-reporting, protein intake, menopausal status, use of HRT, and height b Subset analysis for the approach 1. Values are mean ± SE, n = 1074 < 50 years and n = 840 ≥ 50 years. Values were adjusted for age, physical activity, smoking status, energy intake, protein intake, mis-reporting, menopausal status, use of HRT, and height c Subset analysis for approach 1. Values are mean ± SE, n = 734 < 50 years and n = 924 ≥ 50 years. Values were adjusted for age, BMI, physical activity, smoking status, energy intake, mis-reporting, protein intake, use of anti-inflammatory medication and HRT Our further investigation of the food categories that contributed to the MDS and the muscle outcomes of FFM%, FFMI, and LEP found that cereals, fruits, and vegetables were positively and significantly related. Alcohol intake was also positively related to FFM% and LEP. However, the ratio of unsaturated to saturated fats (the total of monounsaturated and polyunsaturated fat to saturated fat) related to LEP only, although we previously found a relationship between FFMI and the P/S (total polyunsaturated fat to saturated fat) ratio in this population [38] . Surprisingly, we also found a significant inverse association between meat consumption and FFM% and LEP that was independent of protein intake. The explanation for this is unknown although we previously reported an inverse relationship between a greater dietary acid-base load and indices of skeletal muscle mass [39, 40] . Meat is a major contributor to the dietary acid-base load, with fruits and vegetables acting to alkalinize dietary intake [39, 40] . We found no independent association with arm muscle quality and total fish intake in comparison with the one other study that found a positive association with grip strength and fatty fish consumption in older women living in the UK [37] . However, importantly, the association with the MDS which characterizes a combined approach to healthy eating was greater than any of its individual components.
We anticipated, on the basis of previous research, that the MDS may influence inflammation and therefore be a mechanism that might potentially explain the link between muscle outcomes and the MDS; however, we did not find a relationship in this study [14] . This may be for a number of reasons including the fact that the mean concentrations of circulating CRP were low in our cohort, due to the age range, or that more than one measure of an inflammatory cytokine would better capture inflammatory status. It may also be that the distribution of potentially anti-oxidant or anti-inflammatory nutrients and foods associated with the MD, within a northern European country, may not be as great as in studies of the MD performed within Mediterranean countries [41, 42] . Alternatively, the benefits of the MDS in a European population on skeletal muscle outcomes may be due to other mechanisms such as effects on the gut microbiota, which has been linked to the MD in human studies, and to markers of muscle atrophy in animal studies [43] . Further work is warranted using alternative markers of inflammation.
The strengths of this study include the large sample size and the wide age range of participants, as most previous studies on sarcopenia, or the muscle outcomes associated with sarcopenia, focused only on older individuals. Moreover, this was the first study that compared the MDS with directly measured indices of skeletal muscle mass, strength, and function in a large cohort. The FFQ used in the current study was previously validated for protein, vitamin C, potassium, sodium, and n-3 PUFAs and has been shown to rank episodically consumed foods, such as fish, equally well when compared with other dietary methods [30, 44, 45] . The observed findings relate to women and further work is needed to investigate if these findings are replicated in a male population of the same country or in populations from different ethnic backgrounds.
Our study also has limitations, which warrant discussion. The cross-sectional nature of the study limits causal inference between the MDS and muscle outcomes. Although low-grade inflammation was measured using circulating CRP, the lower concentrations found in this population may have been insufficient to relate to an effect of overall diet. Higher adherence to the MDS may also be an indicator of a healthy lifestyle, and even though our analyses were adjusted for all the known lifestyle factors that impact on muscle outcomes, residual confounding cannot be ruled out.
In conclusion, we found that diet quality assessed by the predefined MDS is positively associated with indices of skeletal muscle mass and function in women of different ages. Moreover, our findings may have clinical relevance as the scale of associations found were 2.4 and 3.5 times the measured loss of FFM and LEP per year, respectively, even after accounting for covariates. These novel findings suggest that for adult women a healthier dietary pattern of the MDS specifically of higher intakes in fruit and vegetables, cereal foods, the unsaturated to saturated fat ratio and alcohol along with lower intakes of meats, may be important in reducing the loss of skeletal muscle mass strength and function with age. These findings provide important information in developing and planning potential dietary intervention trials for the prevention of sarcopenia. From a public health perspective, our findings support the current healthy eating guidelines to consume a diet high in plant and whole grain cereal foods that is lower in saturated fat intakes and suggest that a healthy eating pattern characterized by the MDS could be beneficial for skeletal muscle outcomes.
